Optimisation of the concentrations of essential mineral elements in staple grain diet and reduction in non-essential and potentially toxic elements would considerably alleviate mineral malnutrition and improve the health of humans. Here, wheat (Triticum aestivum L.) plants were biofortified with Zn and/or Se to determine the changes across 36 elements in the grain. The element concentrations were determined by multielemental k 0 -instrumental neutron activation analysis (k 0 -INAA). In comparison to grain from non-biofortified plants, Zn fertilisation increased the grain Zn, Ca, and Mo concentrations, whereas the foliar application of Se only increased the grain Se concentrations. Double biofortification (combined Zn fertilisation and foliar Se) was more effective for the increased Se concentrations in the grain, in comparison to the Se-only biofortified plants, with the grain Zn, Ca and Mo concentrations remained at the same levels as those for the Zn-only biofortified plants. Except for Ba, Br and Rb, the concentrations of the elements analysed were below the detection limits. Double biofortification might be a feasible strategy to efficiently coordinate the mineral quality of wheat grain, although the considerable concentrations of other essential and non-essential elements should not be neglected.
Populations with cereal-based diets and/or those that inhabit regions with soil mineral imbalance, can often lack Fe, Zn, Ca, Mg, Cu, I or Se (White and Broadley 2009 ). Indeed, it was estimated that 60% to 80% of the world population is Fe deficient, > 30% is Zn deficient, about 30% is I deficient, and about 15% is Se deficient (Combs 2001 , Kennedy et al. 2003 .
Selenium is an essential micronutrient for humans and it is predominantly provided by consumption of cereals, meat and fish (Combs 2001) . However, Se malnutrition in humans prevails due to low Se concentrations and availability in soils, with the consequent low Se concentrations in crop plants (White and Broadley 2009 ). Since direct Se supplementation suffers from low bioavailability of inorganic Se and possible accidental excess Se intake by humans, agronomic biofortification is considered more advantageous (Hartikainen 2005) . To date, foliar and soil application of Se fertilisers was demonstrated to be feasible approaches to increase Se concentrations in the edible parts of crop plants (Combs 2001 , Hartikainen 2005 , Lyons et al. 2005 .
Zinc is widely involved in human metabolism, and thus Zn deficiency has many deleterious effects on human health and development (Alloway 2008) . Considerable efforts are being put into 317 biofortification of Zn in staple foods, with various success rates reported. For example, foliar or combined soil/foliar application of Zn fertilisers under field conditions was shown to effectively increase Zn concentrations in whole wheat grain (e.g., by 3-fold; Cakmak 2008) . Recently, N fertilisation was shown to positively affect Zn and Fe concentrations in wheat grain (Kutman et al. 2011) , which confirms that the plant mineral status as a whole can respond readily to (even single) mineral changes in the soil solution.
There were only a few studies conducted to investigate the impact on grain concentrations of more than one mineral used in a biofortification strategy. Therefore, while monitoring a total of 36 elements accessed simultaneously with the k 0 -instrumental neutron activation analysis (k 0 -INAA), we used a combination of Zn fertilisation and foliar application of Se with wheat plants, as a comparison with these individual biofortifications to determine the magnitude of the increases in Zn and Se concentrations in the grain and to assess the impact of these biofortification strategies on the concentrations of the essential elements in the grain.
MATERIAL AND METHODS
The wheat (Triticum aestivum cv. Reska) was grown in Mitscerlich pots, which are 21.5 cm high and 20 cm wide and can contain 7 kg soil, at the experimental field of Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia (320 m a.s.l.; 46°35'N, 14°55'E). At the time of the experiments, the mean temperature was 14.8°C and the mean humidity was 11.7% (http://meteo.arso.gov. si/met/sl/climate/tables/yearbook/2010/stationdata/). The wheat plants were grown in soil with the following characteristics: total Zn, 96 mg/kg; total Se, < 0.5 mg/kg; total N, 0.21%; carbonate, 1.6%; P, 4.66 mg/100 g; K, 15.9 mg/100 g; 13.3% sand; 57.0% silt; 29.7% clay; organic matter, 2.7%; pH 7.
For the Zn fertilisation, Zn (as the nitrate) was added to the soil at 1 g/kg. In the Se trials, the plants were sprayed just before flowering with a solution of detergent (0.2 mL/L Triton T-100; Sigma) and Se (20 mg/L), as an aqueous solution containing sodium selenate (0.15 mL was used per plant for the spraying: i.e. approximately 3 mg Se per plant, and 15 mg per pot). To the control treatment the corresponding amount of ammonium nitrate was added to keep the same level of N as in Zn treated pots. Number of pots within one treatment was 2, in each of the pots there were five plants. The experiments lasted 95 days, and the ripe grain was collected from the plants, air dried, and weighted (dry weight).
The element concentrations in the grains were determined using multielemental k 0 -INAA, which enables analysis of 36 elements: Ag, As, Au, Ba, Br, Ca, Cd, Ce, Co, Cr, Cs, Cu, Eu, Fe, Ga, Hf, Hg, K, La, Mo, Na, Nd, Rb, Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, U, W, Yb, Zn and Zr. About 70-170 grains of each sample (1.3 g to 5.0 g) were homogenised using an agate mortar. For k 0 -INAA, 240-270 mg aliquots of grains were pressed into pellets (diameter, 10 mm; height, 2 mm) using a manual hydraulic press (SPECAC, UK), and stored in polyethylene bags. Each sample was stacked together with the standard (Al-0.1%Au IRMM-530R discs), which were then fixed in a polyethylene ampoule in a sandwich form, and irradiated for 12 h in the carousel facility of the Jožef Stefan Institute TRIGA Mark II reactor with a thermal neutron flux of 1.1 × 10 12 /cm 2 /s. The values of f = 28.6 and α = -0.001 were used to calculate the element concentrations using the software package Kayzero for Windows (User's Manual Kayzero for Windows 2005). For QA/QC purposes, the NIST SRM-1567a Wheat Flour was used (Table 1) . The method used is described in detail elsewhere (Jaćimović et al. 2003) . Uncertainty is given with a coverage factor k = 1 for data obtained by k 0 -INAA, while for NIST SRM-1567a uncertainty is given with k = 2 for certified values Differences in element concentrations were examined using Tukey's honestly significant difference (HSD) test, using Statistica Statsoft (version 8.0), and significant differences were considered for P < 0.05.
RESULTS AND DISCUSSION
In wheat grains from our experiments, concentrations of Zn, Na, K, Ca, Fe, Mo, Br, Rb and Ba were above the limits of detection in all treatments, while Se concentrations were above the limits of detection (being < 0.11 mg/kg) only in the Se trials. Other elements accessible with the k 0 -INAA were below the detection limits and those elements toxic to humans in high concentrations (limits of detections given in the brackets in mg/kg) were: As (< 0.05), Cd (< 0.82), Co (< 0.006), Cr (< 0.2), Cu (< 32) and Hg (< 0.31).
The Zn concentrations in the grain of the control (non-biofortified) wheat plants exceeded the previously reported maximum concentrations for bread-wheat cultivars, and the Fe concentrations were just below the previously reported maximal concentrations (Table 2 ). This indicated that the Reska cultivar of wheat used in our study is efficient in its Zn and Fe uptake. The Na concentrations in the grain of the control plants were at the lower limit of the previously reported Na concentration ranges for different wheat grains, while Ba concentrations were at the upper limits ( Table 2) . The measured K, Ca and Mo concentrations in the grain of the control plants were within the ranges of the previously reported concentrations, while those of Br and Rb were a lot lower than previously reported concentrations (Table 2) .
Application of Zn or Se, individually, to wheat plants did not significantly affect the grain dry weight but did significantly increase the concentrations of both of these mineral elements (i.e., Zn and Se) in the grain (Figure 1 ). Increasing the Zn and Se concentrations of food crop plants would result in improved human health, which is particularly important as Zn and Se deficiencies remain a worldwide problem (Carey et al. 2012) . Increased Zn concentrations in grain were also demonstrated to have the beneficial side effect of a reduction in grain phytate content, which hence lowers the phytate: Zn ratio, making Zn more bioavailable during digestion (Cakmak 2008) . Foliar application of Se was shown to be an effective way of improving Se concentrations in e.g. chicory (Cichorium intybus) (Germ et al. 2007 ). However, the larger scale of field application of Se remains one of the most feasible approaches to significantly increase Se concentrations in foods and to improve the human dietary Se intake (Hartikainen 2005 , Broadley et al. 2010 .
In comparison to control plants, the grain of the Zn-fertilised plants contained higher Zn, Ca, and Mo concentrations, whereas the Na, K, and (2009) a below the limit of detection of the k 0 -instrumental neutron activation analysis Fe concentrations were not significantly different (Figure 1 ). These changes cannot be explained by the basic mobile and immobile nature of these elements. For example, the Fe and Ca concentrations showed different responses to this Zn treatment, while both are known for their poor mobility within the plant. As indicated above, foliar application of Se increased the Se concentrations, although it had no effects on the concentrations of the other elements studied here (Figure 1) . In comparison to the grain of control plants, increased Zn, Se, Ca and Mo concentrations and no significant changes in Na, K and Fe concentrations were also seen in the grain from the Zn and Se double-fortified plants.
In comparison to the Se-only biofortified plants, the increase in Se concentrations in the grain of the double fortified plants was 6-fold greater. Up to 10-fold increases in grain Se concentrations (to 2.6 mg/kg) were seen in high-yielding wheat fertilised with Se in both liquid and granular forms Figure 1 . Dry weight of grain and element concentrations in grain from wheat plants following control treatment (C), Zn-fertilisation (+Zn), foliar Se (+Se), and Zn and Se treatments (+Zn+Se). Different letters above columns indicate statistically significant differences between treatments, for each element (Tukey's HSD test, P < 0.05) (Broadley et al. 2010 ). In our study, such large significant increases were seen only when the wheat plants were also fertilised with Zn, which indicates that there is a considerable interaction between Se and Zn and/or any other changes that might have resulted from the Zn fertilisation. Interactions of Zn and Se are not well studied in plants. It is however known that selenate is a chemical analogue of sulphate; they compete for the same transporters during uptake (Broadley et al. 2012) . Sulphur deficient plants up-regulate the expression of sulphur transporter genes, leading to a strong increase in the capacity of selenate uptake. Similarly, exposure of plants to higher concentrations of trace elements such as Cd, Cu, Se and Zn leads to increased expression of sulphate transporters and consequentially enhance sulphur accumulation and assimilation in plants (Na and Salt 2011) . Since Se is assimilated in plants via S assimilation pathway, over-expression of sulphate transporters in Zn treated plants might be the reason for more efficient Se assimilation. In addition it was recently demonstrated that the N nutritional status of plants has a critical role in Zn and Fe biofortification of wheat grain, with increased N inducing protein synthesis in grain, and thus creating additional Zn and Fe sinks (Kutman et al. 2011) . Thus, potential interactions of elements should never be neglected when the aim is to alter the mineral composition of grain. Indeed, Zn is known to interact with Cu, Fe, Mn and B (Alloway 2008) , although there are mixed reports on the influence of Zn on increases in other mineral elements (Loneragan and Webb 1993, Kaya and Higgs 2002) . Further studies are needed to explain the substantial increases in Se concentrations in the grain, which in the present study cannot be explained by reduced grain mass, and thus to a concentration effect.
In conclusion, we have shown that double biofortification of wheat plants more effectively increases the Se concentrations in the grain, in comparison to single biofortification with Se, probably due to alteration of sulphate metabolism in the presence of Zn. These data indicated double biofortification as a feasible strategy to efficiently coordinate the mineral quality of wheat grain. The biofortification strategy chosen in the present study also enhances the Ca, and Mo concentrations in the grain, while not affecting the Na, Fe and K concentrations. Thus in biofortification practices concentrations of not only biofortified but also other elements should be monitored, due to imbalances caused by introduction of particular elements to the plants and above all in agricultural ecosystems.
